Short-period registrations of events at regional distances usually show a considerable amount of energy arriving after the initial P onset. This is caused by the scattering of the wavefield at heterogeneities along the propagation path. I have studied the P coda of Indonesian earthquakes recorded at the Warramunga array in central Australia. The data show a decrease of the coda energy relative to the energy of the direct wave with increasing source depth. Coherency measurements by means of semblance-enhanced stacks reveal that the coda of deep-focus events is mostly incoherent across the array, while the coda of shallower events contains a certain amount of partly-coherent energy. This points to the existence of heterogeneities with various scale lengths. Small-scale heterogeneities of only a few kilometres correlation length beneath the array are responsible for the generation of the incoherent part of the coda, while the partly-coherent arrivals are produced by larger-scale heterogeneities in the deeper lithosphere and by reflections from plane layering. In order to study further the small-scale fluctuations of the seismic parameters I have computed the power spectral density of the P coda in four frequency bands between 0.75 Hz and 6 Hz. An energy-flux model (Frankel & Wennerberg 1987) which assumes multiple scattering and allows for the independent determination of intrinsic Q and scattering Q has been fitted to the data. The results show an almost linear increase of intrinsic Q with frequency. Q is about 300 at 1 Hz. The frequency dependence of scattering Q is somewhat less pronounced with a value of about 340 at 1 Hz and an exponent of 0.85. A comparison of this frequency dependence with results from single-scattering theory imply a correlation length of about 5.5 km and a rms velocity fluctuation of 5 per cent for the scattering medium.
I N T R O D U C T I O N
In short-period seismograms there is a considerable amount of seismic energy arriving after the initial P or S onset, which forms the seismic coda and cannot be associated with distinct phases produced by reflections, conversions etc. in a layered earth. Additionally, data from seismic arrays or from a line of closely spaced receivers show an amazing variability of waveforms and amplitudes of major seismic phases between receivers.
These observations point to the existence of pronounced 3-D velocity variations in the lithosphere or the whole upper mantle superimposed on smoother depth-dependent seismic velocities. The scale Length of these variations may be quite variable. If it is large (some tens up to a 100 km), the effect is mainly in travel-time anomalies and in large-scale focusing or defocusing of amplitudes as observed at seismic arrays. Given a large number of observations, e.g. by portable arrays, there is hope for resolving this 3-D structure on a regional scale. Tomographic inversion techniques seem to be most promising for this purpose. If, however, the scale length of the velocity variations is smaller than about 10 km and goes down to less than 1 km, it is hopeless to try to resolve a deterministic structure. It is generally accepted that variations with these scale lengths exist within the lithosphere and that most of the incoherent seismic coda is produced by scattering of seismic energy at such small-scale heterogeneities. The best one can hope for in this case is to determine statistical properties of these inhomogeneities by regarding the medium as a random structure parametrized by quantities such as correlation length and standard deviation of the variations. Besides, even if it were possible to invert for the deterministic structure, the result would not be really meaningful. Its exploitation in terms of petrological or geochemical interpretations makes sense only for statistical models.
This study focuses on the determination of scattering characteristics, i.e. small-scale random fluctuations of the lithosphere beneath northern Australia. Scattering leads to a redistribution of energy with time in a seismogram and thus to the formation of the seismic coda. Analysis of the coda energy therefore is most promising for achieving this goal. The data used are short-period registrations of regional earthquakes from the Warramunga array (WRA) in central
Australia. The use of array data offers the additional possibility of distinguishing between energy which is coherent across the array and energy which is incoherent. The coherent energy stems from surface and crustal reflections and conversions, or from scattering and multipathing in the deeper parts of the upper mantle where larger-scale heterogeneities dominate. On the other hand the incoherent part of the coda is most probably generated by scattering sources close to the receivers. Another area where scattering may occur is the source region. In this study, however, I tried to rule out near-source scattering by a careful selection of events, with the main emphasis on deep-focus events.
The paper is organized as follows: first, the selection of events and the data processing are described, and results for the power spectral density of coda waves are presented along with semblance-enhanced stacks to measure the coherence of the wavefield across the aperture of the array. In the next section a simple theoretical model for coda-generation, the so-called energy-flux model (Frankel & Wennerberg 1987 ) is adopted. Results from fitting this model to our data are given in the subsequent section, and the last section contains an interpretation of the results with respect to the scattering and absorptive properties of the lithosphere. (1) The raypaths to WRA should sample the whole upper mantle and the sampled region should be 'normal', i.e. no additional complexity should be introduced by traversing anomalous regions such as subduction zones. Events from the above region are ideal because they are all within 20" from WRA, their focal depths cover a wide range so that comparisons of shallow and deep events can be made, and the raypaths mainly sample the undisturbed region underneath the Indian-Australian plate and do not traverse the area behind the Banda Sea subduction zone. Moreover, this geometry assures that near-source interaction with the slab is kept to a minimum. Care was taken to exclude events at the eastern end of the subduction zone, where the Banda arc is bent counterclockwise by about 180" (see Cardwell & Isacks 1978) . (2) The magnitude range is limited by the fact that events with M > 5 at that distance often exceed the dynamic range of WRA. A second point is that larger events tend to have more complex source-time functions. To minimize complications in the rupture process it is simplest to look at smaller events. On the other hand the magnitudes had to be big enough to ensure a high signal-to-noise ratio, so that the amplitudes of the late P coda are still well above the background noise level. (3) The main objective is to look at deep events, although shallower events have been included for comparison. The seismograms from shallow events usually look very complex, which may be due to the direct coupling of energy into the bent lithospheric waveguide and to multiple reflections in the crust and uppermost mantle (Kennett 1987) . Complexity of the source region and hence near-source scattering should be more severe for shallow events as well.
The epicentres are shown in Fig. 2 and the source parameters are listed in Table 1 . The events cover the distance range from 13.8" to 21.0" and the azimuth range from 303" to 332" (station to source). The magnitudes are between 3.9 and 5.2, and the source depths range from 33 to 647 km. The depth distribution with distance and azimuth is shown in Fig. 3 . Within the selected azimuth and distance ranges there is a fairly even distribution of events, thus ensuring that the results will not be biased by the inclusion of a cluster at a particular place. For convenience, the events have been classified as 'shallow' (<220 km, 26 events), 'intermediate-depth' (220-400 km, 8 events) and 'deep' (>400 km, 20 events). These depth ranges have been chosen according to the variations in the complexity of the semblance-enhanced stacks (see below), with shallow events having the most complex and deep events having the simplest stacks. The triangles denote the events which are marked as asterisk in 
Semblance-enhanced stacks
In order to quantify the coherency between traces one can use the idea of semblance. The semblance is defined as the ratio of the total energy of a stack of traces within a certain time window to the sum of the energy of the single traces within the same window. It is always a positive quantity between zero (complete incoherency) and unity (identical traces). It is useful to employ the semblance values as a modulator to the linear stack, thus creating a non-linear semblance-enhanced stack, where only energy which is coherent over the whole array shows up with significant amplitudes (for details refer to Kennett 1987) . For all events semblance-enhanced stacks of the vertical traces have been computed. Stacking was done for 21 slowness values ranging from 0.08 to 0.14 s km-' and the azimuth given in Table 1 . Fig. 4 shows the verticalcomponent seismograms and the stacks for some of the events.
Deep events generally show strong coherent amvals within the first 2 or 3s, but very little coherent energy at later times. For some events different arrivals can be separated (see Fig. 4a ). This is to be expected from a standard upper-mantle model: The multiple arrival can be explained by a triplication of the travel-time curve caused by the 670 km discontinuity.
Intermediate-depth events have larger coda amplitudes and usually show several partly-coherent arrivals within the later coda. A common picture is that about 2-6s after the first arrival a second coherent and strong arrival appears. This arrival is often stronger than the first arrival (Fig. 4b) . Some of the coherent energy can be explained by phases associated with the 400 and 670 km discontinuities and/or complexities above 400 km.
Shallow events show still higher coda energy and a variety of coherent arrivals in the coda. The first onset is often small and the main energy is in later arrivals. For the event of Events at depth of less than about 100 km, however, show strongly coherent energy arriving for at least 1 min after the first onset (see Fig. 4d ). Some of the later arrivals are the surface reflections p P and SP arriving about 10 and 19s after the first arrival in the Jeffreys Bullen model. Other arrivals are possibly associated witn multiple reflections and conversions in the crust and upnermast mantle or with heterogeneity . of the source repion.
Power spectral density
Theoretical investigations of scattering of a seismic wavefield at random inhomogeneities usually end up with expressions for the amount of scattered energy at a specific frequency (e.g. Sato 1984; Wu & Aki 1985) . A useful quantity to compare data and theory therefore is the power spectral density (PSD) of the coda, i.e. the amount of energy in the coda wavetrain at a certain time and frequency. The PSD can be defined as follows (see Sato 1984) :
where ~( t ) is the velocity seismogram and AT is a time increment over which the PSD is averaged. AT should be longer than the duration of the source-time function. Z(w) is the instrument correction and ( ) , , represents the average over an octave-width frequency band centred at wo. The window length AT depends on the frequency band and must be chosen long enough to include several cycles of the frequency wo within the window. The time increment between adjacent windows is about half the window length. Table 2 gives details of the parameters. The PSD was calculated at four different frequencies for times up to 90s after the first arrival. The calculations were done separately for all vertical traces after applying a time shift so that the first arrival starts at t = 0 on all traces. Then the PSDs of all traces were stacked and the result was plotted on a logarithmic scale. Additionally, the PSD of a noise sample immediately before the first arrival was calculated. Its value is of the order 10-3-10-5 for the great majority of events, thus confirming a high signal-to-noise ratio. The PSDs for the four events of Fig. 4 are shown in Fig. 5 .
Deep-focus events (Fig. 5a ) usually show a rapid decay of energy within the first 10-15 s to a level of about 10 per cent of the peak value. After that a more gradual decay of the coda is observed. After 90s the energy normally has dropped to only a few per cent. Events at intermediate depths have a less rapid decay of the coda energy, and the initial onset no longer shows up as a distinct peak in the PSD. The decay rate is roughly uniform over the whole time window, and after 90s the energy has reached about 10 per cent of its initial value.
For a shallow event (Fig. 5d) the energy builds up gradually and reaches its maximum only after a few seconds. The decay of the coda is very slow. After 90s there is still left at least 20 per cent of the maximum energy level.
A first conclusion is that the observed variations of the PSD are connected with source depth. It seems reasonable to assume that the coda of deep-focus events at regional distance is primarily generated by scattering close to the receivers, i.e. in the lithosphere underneath WRA, because the other parts of the raypaths pass through the deeper and probably more homogeneous parts of the upper mantle. Deep-focus events can therefore serve as reference events to gain an idea of the degree of random heterogeneity of the lithosphere. The higher coda amplitudes of shallower events have two causes: first, the later coherent arrivals contribute to the total coda energy, and second, scatterers along other parts of the raypaths, in particular close to the source or in the lithosphere between source and receiver, increase the level of incoherent scattered energy. Complex rupture processes may be another source of complication and are more likely for shallow events.
ENERGY-FLUX M O D E L FOR T H E SEISMIC C O D A
To interpret the PSD in terms of scattering and absorptive characteristics of the medium passed by the seismic waves we need a model for the coda excitation. Most previous studies of seismic coda have used the single-scattering theory originally developed by Chernov (1960) and Aki & Chouet (1975) and subsequently refined, e.g. by Aki (1980a ), Sat0 (1982 , 1984 and Wu & Aki (1985) . The basic assumption in this theory is that the scattering is weak, so that multiple interactions between scatterers can be ignored. Moreover, the Born approximation is used, which neglects the energy loss of the direct wave during the scattering process.
It is not yet clear if these approximations are valid for modelling scattered wavefields as observed in the Earth, and considerable doubt has arisen. From theoretical considerations Hudson & Heritage (1981) conclude that 'scattering from small-scale variations in seismic parameters proposed for the lithosphere and lower mantle cannot reasonably be modelled using the Born approximation'. Finite-difference simulations of wave propagation in 2-D random inhomogeneous media (Frankel & Clayton 1986) show that the observed coda decay-rates do not agree with those predicted by the single-scattering model. Moreover, as pointed out by Frankel & Wennerberg (1987) , there seem to be some inconsistencies in the model and it remains unclear if the coda Q , determined from the coda decay-rate, should be interpreted as intrinsic or as scattering absorption or as the sum of both. Frankel & Wennerberg (1987) suggested an alternative model which avoids some of the shortcomings of the single-scattering model. Based on energy conservation it considers the energy flux between an expanding wavefront in a scattering medium and the coda behind this wavefront. It is therefore called the energy-flux model (EFM). It has the advantage that multiple scattering is implicitly assumed and that it allows for the separation of intrinsic and scattering attenuation. In some sense the EFM is similar to diffusion models used earlier for media with intensive scattering (Dainty & Toksoz, Nakamura 1977 ) but these models assume that all the energy is scattered energy, which is only true if the scattering is very strong. In contrast, the EFM explicitly uses the ratio between the scattered energy and the energy still remaining in the direct wave to estimate the scattering attenuation. Frankel & Wennerberg (1987) tested the EFM against 2-D finite-difference calculations and found generally good agreement.
The EFM cannot be used for our data set without modifications. In the original model the seismic source and the receiver are at the same location within an unbounded random inhomogeneous medium. In this study, however, source and receivers are separated and the random inhomogeneous part of the medium is confined to the vicinity of the receivers. In the following a brief derivation of our version of the EFM is given.
We look at the energy of a spherical wave contained within a cone of arbitrary angle 20, (see Fig. 6 ) and assume that no energy enters or leaves the cone at any time. After having travelled a distance R , within a homogeneous medium the wavefront, at t = O , hits the random inhomogeneous medium which occupies the part of the cone with R , < r < R 0 + 2 D (hatched area in Fig. 6 ). It then travels through the scattering zone, thereby continuously losing energy, which then shows up in the coda. At t = 2t,, with t , = D / v , where u is the average velocity of the random medium, the direct wave leaves the scattering zone and no further energy transfer into the coda takes place.
This geometry roughly compares with the case of a spherical wave from a distant earthquake incident on the lithosphere from below. Then D is the thickness of the lithosphere and, by letting the thickness of the random medium be 2 0 , we take into account that the wave is reflected at the free surface and passes the medium twice. The receivers at the Earth's surface will then be at r = R , + D , and the condition R, >> D should hold.
Let the total energy within the cone at a certain frequency be ET, the energy of the direct wave ED and that of the coda waves E,. Then E,= E D + E c , at any time. Generally ET= Eoexp(-wtlQi),
where E, is the energy of the direct wave within the cone at t = 0, Q i is the instrinsic Q, w is the angular frequency and E,(t =0) =O. The scattering of energy into the coda is described by a similar expression:
where Q, is the scattering Q and the choice of t' takes into account that the energy transfer stops at t = 2t,. From (1) we have, with (2) and (3) for the coda energy, Now there are two crucial assumptions in the EFM: first, that the process of multiple scattering leads to a uniform distribution of the coda energy in space behind the initial wavefront; second, that the coda waves remain within the scattering zone for all times. The validity of the first assumption is supported by Frankel & Wennerberg's (1987) finite-difference simulations and also by the observation that the envelope of the coda from local earthquakes is remarkably stable, and independent of epicentral distance and all other source parameters (e.g. Rautian & Khalturin 1978) . The second assumption, which has to be made additionally in our version of the EFM, introduces some approximation because it neglects the fact that scattered energy is leaking out of the bottom and the sides of the scattering zone. Leakage through the sides is not serious because, if the angle Bo is taken very small, there will be other scattering zones along all sides from where energy will leak into the zone under consideration and make up for the energy loss. Therefore the only error is in neglecting the leaking of energy through the bottom. This will cause a certain overestimation of intrinsic attenuation by the EFM, because the time decay of the PSD due to this leakage is attributed to Qi (see equation 12).
The power spectral density as computed in the last section is proportional to the spatial energy density 5 at a certain frequency. Hence
where c is some constant of proportionality. Under the assumptions mentioned above, 5 for coda waves is found by dividing E , by the volume of the hatched area in Fig. 6 , which is given by
With (4), (5) and (6) From this equation it becomes clear that, for t z 2 t , , the decay of the PSD with time is governed by the intrinsic Q alone.
To determine the scattering attenuation we need to take into account the ratio of the coda energy to the energy in the direct wave. E D can be determined from the data at time t,, when the direct wave passes through the receiver. On the other hand, from (2) and (3)
is obtained. Combining (8) and (9) the initial energy E , is found as
. (10) Finally, (10) is inserted into (7) x exp (-wt/Q,). (11) For times greater than 2t,, t' is a constant equal to 2t1 and (11) From the slope a, Qi is determined as Q. , = -( w/a,)loge.
Due to the approximation in the EFM mentioned above, the determined Qi can be regarded as a lower limit for the true value. Note that the estimation of Qi does not depend on the parameters ZD and t,. For the determination of Q,, however, one has to choose a suitable t, and to compute ID from (lo), which essentially incorporates the determination of the length of the direct signal. Then, from (12) Q, = wt,/sinh-' (lOuo+ulfl).
In the next section this technique will be applied to the data of Section 2 and possible sources of errors will be discussed.
RESULTS
Qi and Q, in (13) and (14) are obtained from a least-squares fit of the PSD data (see Fig. 5 ) between 45 s and 90 s after the first amval. No individual weights were applied to the data because of the high signal-to-noise ratio. Note that zero time in Fig. 5 corresponds to t = t , according to the time scale defined in the last section. The fit therefore actually starts at t, = t , + 45 s and the condition t, > 2t, is certainly fulfilled. A range of reasonable values for t , is obtained by taking into account extreme bounds for the thickness of the scattering zone. Assuming that scattering is totally confined to the crust with a thickness of 40km and an average P velocity of 6 km s-l, one obtains a lower limit for t , of about 8 s. If, on the other hand, the whole lithosphere of 150 km thickness and 8.5 km s-l is taken as the scattering zone, the upper bound for t, becomes about 35s. in both cases non-vertical incidence was taken into account with a horizontal slowness of 0.1 s km-'. A straight-line fit is not in all cases a reasonable approximation to the time dependence of the PSD. Therefore, in the following I consider only those results which gave correlation coefficients greater than 0.7. It turned out that there are considerably less useful data for the two lower frequencies than for the two higher frequencies (see Tables 3 and 4 ). The 10 events marked by an asterisk in Table 1 gave no useful fits for either of the frequency bands. Figure 7 shows the Qi values for all selected events, and Table 3 gives the average Qi of all events and of the three depth-classes separately. The averaging was done over Q-I. There is no clear dependence of Qi on the source depth, although the numbers in Table 3 may suggest a slight increase of absorption with increasing depth at 3 and 6 H z . Given the scatter in the data, however, this seems not to be significant. According to the EFM, no dependence on source depth is expected and the derived Q values are representative for the scattering zone. However, a strong frequency dependence is observed with an almost linear increase of Qi with frequency. A fit of the average Qi values of Table 3 to a power law of Q with frequency is a good approximation and yields
Intrinsic Q
This result is in agreement with the findings of other authors, who have reported an increase of Q with frequency for short-period P-and S-waves (e.g. Kurita 1968; Frasier & Filson 1972; Der & McElfresh 1977) . From coda Q measurements Rautian & Khalturin (1978) determined an increase of Q with frequency with a power of about 0.5 and Aki (1980b) found a value of 0.6-0.8 for several areas in Japan. More recently, Butler (1987) reported Qi --fl. ' for oceanic S-waves in the western Pacific lithosphere between 2.5 and 22.5 Hz.
Scattering Q
Determination of scattering Q depends on the choice of parameters ID, the energy of the direct wave, and t,, its traveltime through the scattering region up to the free surface. ID is obtained by integrating the PSD over At, the length of the first arrival (see equation 10). For simplicity At has been chosen equal to the window length at the lowest frequency (see Table 2 ) for all events and all frequencies. A more careful procedure would be to pick At individually from the bandpass-filtered seismograms of each event. the coda amplitudes do not depend on the particular radiation pattern. Neglecting this effect introduces some error in the Q , estimate, but we are unable to do a correction to the direct wave amplitude because there are no fault-plane solutions available. It is expected, however, that averaging Q, for several events will minimize this error. Figure 8 shows Q, for t , = 20 s. It is obvious that, in contrast to Qi, Q, as determined from the EFM strongly depends on source depth as well as frequency with a significant drop for shallow events. Table 4 gives the average Q, values for the different depth regimes. The average Q , from all events is not given because it would not be meaningful. The scattering attenuation of deep events is of the same order of magnitude as the intrinsic attenuation. For shallow events, however, the apparent scattering attenuation is roughly four times the intrinsic attenuation. This reflects the fact that for shallow and probably for intermediate-depth events the EFM is no more valid because the geometry of the raypaths differs too much from the one assumed in the derivation of the EFM. In Fig. 9 , Q , at 1.5 Hz is plotted for different values of t,. It shows that the choice of t , has little influence on the results as long as Q , is greater than about 200, which is the case for all deep-focus events. The results from those events therefore should represent the true Q , of the lithosphere. A fit to a power law of Q with frequency yields, for deep-focus events, Q,(f) = (340 f 20) X f0.85*0.01, (16) where the error bars come from Q , estimates for extreme values of t,. The increase of Q , with frequency is somewhat less pronounced than that of Qi. Depth (km) Figure 9 . Dependence of Q, on the parameter t , at 1.5 Hz.
INTERPRETATION A N D DISCUSSION
The interpretation of the Qi data is straightforward: Qi is about 300 at 1 Hz and increases almost linearly with frequency above 1Hz. The power law fit of (15) is a good approximation of the frequency dependence within the observed frequency band. There is little variation between the data from different source depths and therefore we should have obtained a reasonable lower limit estimate of Qi averaged over the lithosphere as a whole. A serious question, however, is whether these Qi values are representative for P-or for S-waves, i.e. whether we have measured Qi, or Q,. The EFM does not explicitly account for conversion from P to S energy or vice versa. Because the direct wave is a P-wave and its energy loss is governed by Qi,, one is tempted to say that P-wave attenuation is measured. However, the fit is done to the coda energy, i.e. the decay rate of scattered waves is measured. The EFM requires multiple scattering, and therefore it is reasonable to assume that the coda waves have undergone frequent conversions from P to S and vice versa. Theoretical results for single scattering (Sato 1984; Wu & Aki 1985) suggest that P-to-S scattering may be the dominant effect and S-to-P scattering is less important. Then most of the scattered energy would be in fact S energy and consequently the measured Qi would be some sort of average between Qi, and Q,,, but closer to Qi,.
To investigate this problem further one could look at the S coda of the same events. According to single-scattering theory, the coda after the S arrival mainly consists of S-waves. This means that the coda Q derived from the decay rate of the S coda should be Q, and it would be interesting to see how this value compares to the results from the P coda.
For the scattering Q the argumentation is different. In the EFM, Q, controls the energy loss of the direct P-wave due to scattering. It therefore has to be identified with Q,. A corresponding investigation of the S-wave coda would yield an independent estimate of the shear-wave scattering Q.
The clear variations of the apparent Q, values with source depth, as derived from the EFM, indicate that there is indeed a zone beneath the receivers which is rich in small-scale heterogeneities. This zone has to lie on top of a much more homogeneous region. The waves from deep-focus events first pass this undisturbed region of the upper mantle before entering the random inhomogeneous layer where scattering takes place. The Q, values derived from deep focus events (equation 16) therefore correspond to the 'true' scattering Q. The thickness of the scattering zone is not well constrained from these data, because, as shown in Fig. 9 , Q, does not vary with the traveltime t , for deep-focus events.
The apparent decrease of Q, for events less than -300 km deep is caused by the fact that larger fractions of the raypaths from these sources lie within the scattering layer. The direct wave therefore has more time to lose energy by scattering, which results in a higher scattering attenuation, and the EFM as applied here does not give the true scattering Q. One could try to adjust the EFM to this situation by simply taking larger values of t , for intermediate-depth events, which increases the corresponding Q, estimates (see Fig. 9 ). Using Q, from deep-focus events as the true value representative for the scattering zone as a whole, (12) could even be used to determine a source-depth-dependent t,. This in turn would give an estimate for the length of the raypath within the scattering layer, and from that constraints on the depth range of this layer could be obtained. With decreasing source depth, however, the geometry becomes quite different from the one sketched in Fig. 6 , and it is not clear when the EFM in its present form is no longer appropriate. For shallow events, particularly if they are within the scattering zone, the EFM is clearly not valid. Some of the coda then may be produced near the source, and coherent arrivals from a layered structure contribute considerably to the total coda energy.
Finally, we try to relate Q, to the fractional fluctuations and the correlation distance of the random medium using a result from single-scattering theory. While the later part of the coda is clearly dominated by multiple scattering, single-scattering theory can still be useful to describe the energy loss of the direct wave because, after the first scattering interaction, the scattered energy has been taken away from the direct wave and has been transformed into coda energy. Sat0 (1984) considers media in which the autocorrelation function of the random velocity fluctuations has the form of an exponential:
~( r )
= E* exp ( -r / a ) .
Here, E' is the variance of the relative fluctuation of P and S velocities and a is the correlation distance. Taking the ratio of energy scattered into unit solid angle to the energy of the Fig. 10 ) and Q;'(w) from this study (circles). This plot is used to determine E' and a.
incident P-wave per unit travel distance and integrating over whole solid angle, he obtains Q , for such a medium. Sato's Fig. 10 gives the frequency dependence of scattering attenuation normalized with respect to a and e2. In Fig. 10 his curve for the P-wave scattering Q which allows for both PP and PS scattering is redrawn and the data points obtained in this study from deep-focus events have been fitted to this curve. From the change in scale the values of a and E* can be computed. A variance of 2 . 4~ 10K3 is obtained which corresponds to a rms relative velocity fluctuation of about 5 per cent. The correlation distance is 5.5km assuming an average shear velocity of 4.7kms-l.
This seems to be a reasonable value because it is well below the aperture of the WRA array, and therefore the scattered wavefield should be incoherent across the array.
In conclusion, we may say that in order to study scattering at small-scale heterogeneities in the lithosphere it is best to look at deep-focus events, if no data from small local earthquakes are available. The EFM is a useful model for the interpretation of such data, despite shortcomings such as the neglect of conversion. For the area under consideration a strong variation of both scattering and intrinsic absorption with frequency has been found and it will be interesting to see whether this holds for other regions as well.
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